A nondestructive acetylene reduction assay for nitrogenase activity of soybean (Glycine max L. Merr) field plots is presented. Plots consisted of 120 x 150 x 30 centimeter boxes containing 65 plants. The plants were grown in a medium grade sand under controlled nutrient, moisture, and root temperature conditions. Acetylene at a concentration of 10 milliliters per liter was circulated through manifolds in the chambers; equilibration required 5 minutes, and activity was linear with time. Optimum growth and assay environments resulted in activity of 70 micromoles ethylene per plant per hour. Plant development and yield were comparable to soil-grown companion plots.
Development of AR' permitted point-in-time measurements of dinitrogen fixation, and examination of treatments or environmental effects that can influence dinitrogen fixation over a period of minutes or weeks. AR methodology in the field has either been nondestructive using single plants (4) or has involved detached roots, root parts, or nodules (7) . The latter involves digging the root system out of the soil, washing, detaching the root, and measuring AR activity in a jar. Reports by Harper (8) and Lawn and Brun (13) presented seasonal profiles for dinitrogen fixation using the detached root assay. They found that AR declined rapidly after the onset of seed development. In 1975, Thibodeau and Jaworski (21) explained the relationship between dinitrogen fixation, inorganic nitrogen metabolism, and pod development, also using detached root measurements. The model consisted of several parts. (a) The soybean uses nitrate exclusively during vegetative development. (b) At or near flowering, the plant becomes unable to use nitrate, resulting in the initiation of dinitrogen fixation activity. (c) At the onset of seed development, stage R-5 (5), dinitrogen fixation peaks (21) . Activity then declines rapidly as pods develop because the proximity of the pods to the source makes them a better sink. (d) As the source of nitrogen from fixation disappears, the plant derives the remainder of the seasons' nitrogen from redistribution.
'Abbreviation: AR, acetylene reduction. This hypothesis, which has been extensively cited, was consistent with evidence available at the time. We began a program to determine the physiological processes limiting yield in soybean at various stages of development. The RESULTS AND DISCUSSION Seasonal Nitrogen Assimilation Patterns. In Figure 2 , the 1980 nondestructive seasonal AR profile is superimposed on the model of Thibodeau and Jaworski (21) . The consistency of the nondestructive AR assay is shown in a plot of the control data from 1978 to 1981 (Fig. 3) . The peak AR rate of 70 umol ethylene/ plant h using this system and 10 ml/ acetylene, is proportional to maximum activities reported in the literature using saturating acetylene concentrations (7, 13) .
The fact that AR does not decline until 30 d after R-5 is in contrast with that portion of the Thibodeau and Jaworski model suggesting that seed development competes with and eventually starves dinitrogen fixation of carbon. Nitrate reductase and AR profiles reported earlier by Harper (8) were consistent with the starvation model. The increase in AR we observed after R-5 suggests a cooperative rather than antagonistic relationship between dinitrogen fixation and seed development. Reports in the literature in which nitrogen analyses were made at R-5 and at physiological maturity, R-8 ( Table I ), demonstrate that 60% to 70% of the seasonal nitrogen is assimilated after the beginning of seed development. Integration of the nondestructive profiles in Figure 3 demonstrates that 78% ofseasonal dinitrogen fixation occurs after R-5 under conditions where the atmosphere is the sole source of nitrogen.
Several seasonal profiles of dinitrogen fixation are found in (7-9, 16, 21) . Apparent discrepancies in these seasonal fixation patterns may be related to the distribution of nodules recovered during excavation when detached roots are used (18) . Differences in profiles may also result from cultural or environmental influences on the host and nodule. In soil, high levels of combined nitrogen or a dense growth medium can decrease AR activity in apparent synchrony with increasing seed weight (Nelson, Porter, Bellville 1978 Abstract). In a sand system with low nitrate after flowering and a high productivity environment, AR will not peak until long after R-5. In summary, the decline in dinitrogen fixation is not tightly coupled with seed development. The proportion of nitrogen assimilated after R-5 (Table I ) supports this conclusion.
The occurrence of nitrogen assimilation in nonnodulated beans after R-5 (Table I) is enigmatic in the context of published nitrate reductase profiles (8, 21) . Nitrate reductase (Fig. 2) Comparison of nodulating and nonnodulating isolines indicates that plants whose source of nitrogen is from fixation lose less nitrogen from the leaves late in the season than plants receiving only nitrate (17) . This may result in extended photosynthetic activity and account for the consistently higher yields where dinitrogen fixation is present.
In Figure 4 are the seasonal profiles for four varieties; Fiskeby V, a group 000; Evans, a group 0; Williams and Lincoln, group III. The stage of development at which peak activity occurred was the same for each variety. It has been reported that yield is highly correlated with seasonal net photosynthesis (3). A regression correlating yield versus seasonal AR for these four varieties and for control data from 1978 to 1981 resulted in r = 0.999. This is evidence that soybean yield is nitrogen limited. Elevation of nitrate at any stage (8, 9) or CO2 during podfilling (10) Defoliation. The evidence above demonstrates that seed development does not destroy dinitrogen fixation. If pods are more competitive for carbon than the roots, however, a treatment which reduces source:sink ratio should decrease dinitrogen fixation more than yield. Seasonal AR profiles from continuous 60% defoliation and complete depodding experiments are shown in Figure 5 . These results demonstrate that a 60% reduction in carbon availability during podfill does not decrease AR activity. The apparent increase in dinitrogen fixation shortly after leaf removal may be coupled with the increase in photosynthetic capacity/unit leaf area associated with defoliation (20) . The decline in AR activity of depodded plants, without apparent senescence, is analogous with observations that photosynthesis declines after depodding while leaves remain green (13) . The near normal AR profile without pods is consistent with the capability of depodded plants to accumulate dry matter at rates comparable to control plants through maturation of alternate sinks ( 14) .
The effect of 40% or 60% defoliation after R-5 on yield (Table  II) is consistent with the literature (19) . A 60% defoliation has no effect on seasonal dinitrogen fixation and results in only a 23% decrease in yield. Because decreased seed yield appears to be the initial response to decreased source, one of two explanations is most likely. Either the roots are more competitive for carbon than the pods or there is a difference in sink response to carbon stress. Further, if carbon supply can be decreased by greater than 50% with little effect on dinitrogen fixation or greater than 30% with no effect on yield, this suggests that carbon is less of a limitation during podfill than nitrogen. The lack of a change in root-soluble carbohydrate during podfill is also contrary to the root starvation hypothesis (24) . The greater yield reduction from defoliation during the period from R-5 to R-8 compared with R-2 to R-8 may have resulted from reduced capability of photosynthesis to recover during a period when sink demand is maximum (6) .
A number of hypotheses that are consistent with the literature will describe the relationship between nitrogen fixation, photo- (Table I) .
There was no evidence that position of pods between roots and leaves reduced translocation of carbon to the roots or nitrogen to the shoot. Seed growth does, however, put an additional drain on carbon and nitrogen resources. Shortly after R-5, photosynthesis begins to decline (2, 6, 19) , while AR continues to increase for nearly 3 weeks. This, coupled with the lack of a yield response from 40% defoliation, strongly suggests that photosynthetic source is in surplus until mid-podfill. The elevated CO2 enhancement observed prior to this stage may have resulted from competition of CO2 with ethylene-mediated pod abortion and shoot senescence. Nonetheless, it must be emphasized that an enhancement of yield by nitrate at any stage or elevated CO2 during podfill can occur only to the extent that both nitrogen and carbon assimilation can be stimulated.
Redistribution clearly takes place; however, neither the efficiency of redistribution nor the quantity of nitrogen involved in the senescence process is sufficient to account for the increases in total nitrogen reported during seed development (17) .
Model Relating Nitrogen Assimilation to Yield. After a thorough examination of seasonal carbon and nitrogen relationships, certain patterns emerge. These relationships are in sharp contrast with the model presented in the introduction.
(a) Seasonal photosynthesis rate per unit area is bimodal (6) . The low point is at flowering, corresponding with the decline in the ability of the leaves to reduce nitrate (21) and preceding the increase in dinitrogen fixation.
(b) Nitrate reductase activity in the root (12) and stem, which was low before flowering, begins to increase at about R-2. The magnitude of the increase depends on the cultivar, the nitrate level in the growth medium, and the extent to which nitrate reductase activity is lost from the leaves. This would reconcile the continued assimilation of nitrate in nonnodulated isolines during a developmental period when nitrate reductase is apparently absent in the leaves (21) .
(c) Dinitrogen fixation begins to increase exponentially at R-2 (Fig. 2) . The pattern of this increase will depend on nitrate in the environment; however, the increased nitrogen demand during reproductive development (22) may decrease the internal nitrogen equilibrium to a level not inhibitory to nitrogen fixation.
(d) The increased sink demand by seeds and roots drives photosynthesis to peak rates early in podfill (2, 6, 19) .
(e) Photosynthesis begins to decline soon after R-5 (2, 19), and Williams (6) . The decline is due to nitrogen depletion in the leaves. The appearance of the nitrogen limitation in the leaves is due to the greater sink strength of the pods, rather than the location ofthe pods between the leaves and the roots. Coincidental with this photosynthetic decline, there is extensive redistribution of soluble carbohydrate (22) . (f) About 30 d after R-5, nitrogen fixation and the rate of seed increase begin to decline, after an appreciable loss of photosynthetic capacity. The interval between the decline in carbon assimilation and a response in nitrogen fixation would be difficult to define; however, carbon assimilation appears to decline first (1, 2, 19) . Elevated CO2 (10) or nitrate fertilization (9) during podfilling will increase yields to the extent that both nitrogen assimilation and carbon availability can be enhanced.
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